Background. Interleukin 21 , which belongs to the common γ-chain (γc) family, is a novel tumor suppressor that has been shown to affect T-cell proliferation, survival and function. However, the role of IL-21 in colon cancer remains unclear.
Introduction
Colorectal cancer is the 6 th leading cause of tumor-related death in China. [1] [2] [3] Although the treatment of colorectal cancer has significantly improved over the past few years, the results of the current treatment modalities are unsatisfactory, especially for patients in the advanced stages of colon cancer. 4, 5 Therefore, the development of effective therapeutic approaches for colon cancer is necessary. Tumor immunotherapy brings new hope for cancer treatment.
Effective tumor immunotherapy depends on the presence of large numbers of tumor-infiltrating T lymphocytes with effector functions, appropriate phenotypic characteristics, self-renewal potential, and homing capacity. [6] [7] [8] [9] In addition to T lymphocytes, CD8 + T cells and natural killer (NK) cells also play an important role in antitumor immune therapy by eliminating tumor cells through the actions of perforin and granzyme. 10, 11 Thus, the ability to elicit the cytotoxicity of NK cells and CD8 + T would benefit cancer immunotherapy.
Interleukin 21 (IL-21) belongs to the common-gamma chain family, which includes IL-15, IL-9, IL-7, IL-4, and IL-2. 12, 13 These cytokines display a similar 4-helix bundle structure and functional redundancy in their regulation and homeostasis of the lymphoid system, but each family member also performs distinct functions. 13, 14 IL-21 is produced by activated CD4 + T cells, NK T cells and follicular T-helper cells (Th). 6 Recently, IL-21 has been revealed to exhibit antitumor function in different tumor models and its mechanism of action has been reported to involve the stimulation of T-or B-cell responses and NK cells. 6, 10, 11, 15 Moreover, the antitumor activity of IL-21 can be potentiated when it is used in combination with other immunostimulants, chemotherapy, or monoclonal antibodies that recognize tumor antigens. 8, 13, 16 For example, the combined use of IL-21 and peptide-loaded dendritic cells increases the number of human Melan-A/ MART-1-specific CD8 + T cells that display high affinity and a CD45RO + CD28 high phenotype upon in vitro stimulation. 13 These results indicate that IL-21 has antitumor activity in vitro.
IL-21 can also enhance the antitumor activity of dendritic-cell vaccines or antibodies. However, for immune-competent murine models of colon cancer, the immunological consequences of IL-21 stimulation have not been addressed so far. Therefore, in this study, we investigated whether IL-21 could suppress the growth of colon cancer in mice; we also tried to elucidate the mechanisms underlying the antitumor immune effects of IL-21. Our findings provide data essential for the development of effective tumor immunotherapies in the future.
Material and methods

Cell lines and mice
Mouse colon cancer cells (CT-26 cells) were obtained from the American Type Culture Collection (ATCC) and maintained in Dulbecco's Modification of Eagle's Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 μg/mL streptomycin, 100 U/mL penicillin, and 2 mM l-glutamine (Thermo Fisher Scientific, Shanghai, China). Eight-week-old male BALB/c mice were purchased from the Center of Animal Experiment of Wuhan University, China. The mice used in the experiments were fed under specific pathogen-free conditions in the animal facility of Wuhan University and treated in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Wuhan University.
Generation of IL-21-His and GST-His fusion protein
To generate an IL-21-His fusion protein, total RNA was extracted from the BALB/c mouse splenocytes, using TRIzol (Invitrogen, Shanghai, China), and comolementary DNA (cDNA) was synthesized using an RT-PCR kit (Fermentas, Shenzhen, China). The sequences encoding IL-21 were then amplified using selected primers (Table 1) , and the polymerase chain reaction (PCR) product was sequenced and then cloned in-frame between the SalI and HindIII (New England Biolabs, Beijing, China) restriction sites of a pET-20b(+) vector to ensure that the His-tag was fused with IL-21. The pET-20b(+) construct was then transfected into BL21(DE3)pLySs (Merckmillipore, Shanghai, China) cells, which were then induced with 0.1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) (Thermo Scientific, Shanghai, China). Next, the fusion proteins were purified using His-Select Nickel Affinity Gel (Sigma--Aldrich, Shanghai, China) or Glutathione Sepharose 4B (GE Healthcare Life Science, Beijing, China), and lipopolysaccharide contamination was removed using Detoxi-GelTM Endotoxin Removing Columns (Thermo Scientific, Shanghai, China). The proteins were then dialyzed in phosphate buffer saline (PBS) and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting. The endotoxin level was <0.5 EU/mg, as measured using the Limulus Amebocyte Lysate (LAL) assay (BioWhittaker Limulus Amebocyte Assay; Lonza, Basel, Switzerland). We also transfected the pET-32a(+) vector into BL21(DE3)pLySs cells to generate glutathione S-transferase (GST)-His fusion protein for use as a negative control.
Western blot analysis
The purified IL-21-His and GST-His proteins were identified by western blot using rabbit anti-mouse-IL-21 monoclonal antibodies (dilution 1:1000) (Abcam, Shanghai, China). HRP-anti-rabbit IgG (dilution 1:5000) (Abcam, Shanghai, China) was used as a secondary antibody. Commercial IL-21 (eBioscience, San Diego, USA) was used as a positive control.
Isolation of NK cells, CD8 + T cells and CD4 + T cells
NK cells, CD8 + T cells and CD4 + T cells were isolated from the spleens of the BALB/c mice, using the BD TM IMag mouse NK cells, CD8 + T and CD4 + T lymphocytes, and enrichment set-DM and the BD TM IMagnet (BD Pharmingen, Beijing, China) by negative selection.
Cytokine-specific ELISA
The serum interferon gamma (IFN-γ) and IL-4 concentrations from the IL-21-immunized mice were measured by ELISA. In brief, 8 BALB/c mice per group were immunized with IL-21 (50 μg/mouse) through intravenous injection on days 0, 7 and 14. The group of mice immunized with GST (n = 8) or PBS (n = 8) was used as the controls. Peripheral blood from the medial canthus of the eye was drawn on days 0, 7, 14, 21, and 28. Sera were harvested to analyze the cytokine levels via ELISA test using cytokine-specific kits (eBioscience, San Diego, USA), according to the protocol recommended by the manufacturer.
CD4 + T, CD8 + T and NK cells from the mice were treated with IL-21 and the IFN-γ production was analyzed using ELI-SA. In brief, CD4 + and CD8 + T cells (1 × 10 6 cells/well) were purified and stimulated with CD3 antibodies (20 ng/mL) and CD28 antibodies (10 ng/mL) (BioLegend, Beijing, China) plus either IL-21 (20 μg/mL) or GST (20 μg/mL) for 3 days. NK cells (1 × 10 6 cells/well) were purified and stimulated with IL-2 protein (10 ng/mL) (BioLegend, Beijing, China) plus either IL-21 (20 μg/mL) or GST (20 μg/mL) for 3 days, and the supernatants (200 µL/well) were then collected for the IFN-γ assay using cytokine-specific kits (eBioscience, San Diego, USA).
Intracellular IFN-γ assay
For intracellular cytokine staining of the CD8 + T, CD4 + T and NK cells, the mouse splenocytes (2 × 10 6 cells/well) were treated using concanavalin A (ConA; 3 μg/mL) plus IL-21 (20 μg/mL) or GST (20 μg/mL) for 3 days, after which the cells were restimulated with 100 ng/mL ionomycin (Sigma-Aldrich, St. Louis, USA), 4 μg/mL GolgiPlug (BD Pharmingen, Beijing, China) and 50 ng/mL phorbol 12-myristate 13-acetate (PMA) for 4 h. After 4 h, the cells were incubated with anti-CD8, anti-CD4, or anti-NK1.1 monoclonal antibodies, then fixed, permeabilized, stained with anti-IFN-γ (BioLegend, Beijing, China), washed, and analyzed by flow cytometry (BD Immunocytometry Systems, San Jose, USA).
Quantitative real-time polymerase chain reaction
The CD4 + T, CD8 + T and NK cells were purified, and total RNA from these cells was extracted using TRIzol (Invitrogen, Shanghai, China). Next, 250 ng of each extracted RNA sample was used to synthesize cDNA, using the RevertAid First-Strand real-time polymerase chain reaction (RT-PCR) kit (Fermentas, Shenzhen, China). Complementary DNA (cDNA) was amplified using primers listed in Table 1 in a 25-μL reaction mixture containing 100 ng of the cDNA template and 12.5 μL of SYBR Green PCR Supermix (Bio-Rad, Hercules, USA) in the recommended cycling conditions. 17 Each transcript was normalized to the amplification levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). IFN-λ mRNA levels were quantified using the MyiQ single-color RT-PCR detection system (Bio-Rad, Hercules, USA).
T-cell proliferation assay
To examine in vitro proliferation, [ 3 H]-thymidine-incorporation assays were performed. Briefly, splenocytes from wild-type BALB/c mice were cultured in 96-well plates (5 × 10 5 cells/well) and treated with PBS, GST, or IL-21 (20 μg/mL) for 72 h. [ 3 H]-Thymidine (HTA Co. Ltd, Beijing, China) was then added 16 h before a 3-day culture, and proliferation was measured using a scintillation counter (Beckman, California,USA). A stimulation index was used to reveal the fold-increase in proliferation. The stimulation index was calculated as cpm exp /cpm control.
Mouse immunization and tumor challenge
The BALB/c male mice were challenged with 3 × 10 5 CT-26 tumor cells subcutaneously and randomly divided into 3 groups (n = 8 mice/group). After 7 days, the mice were immunized with GST-IL-21 by intravenous injection (50 μg/ mouse) when palpable tumors formed (3-5 mm in diameter). Two additional GST-IL-21 protein immunizations were performed in the tumor-bearing mice every 7 days after CT26 inoculation. The mice treated with GST or PBS were used as controls. Tumor volumes were surveyed every 2-3 days and calculated using the following formula: L1 2 × L2/2, where L1 is the shortest diameter and L2 is the longest diameter. The mice were euthanized when the tumors grew to 12 mm in diameter. In some experiments, the mice were treated intraperitoneally with CD4 monoclonal antibodies (clone GK1.5; 250 μg/mouse), CD8 monoclonal antibodies (clone 2.43; 500 μg/mouse), anti-NK1.1 monoclonal antibodies (clone PK136; 200 μg/mouse), or isotype control antibodies (250 μg/mouse) 3 times after tumor inoculation (on days 3, 10 and 17).
Statistical analysis
The data were analyzed by Tukey's multiple comparison test for more than 2 study groups (GraphPad Prism, 5.01). A 2-way ANOVA and a Kaplan-Meier survival analysis were performed in order to determine statistical significance for in vivo tumor therapy. Probability value p < 0.05 was considered statistically significant.
Results
Expression of recombinant fusion proteins IL-21-His and GST-His
The molecular weight of mouse IL-21 protein is about 20 kDa. 13 As indicated in Fig. 1A and Fig. 1B , the recombinant IL-21-His fusion protein was blotted positively using His-Tag (Sigma, Shanghai, China) and IL-21 (Abcam, Shanghai, China) monoclonal antibodies. Commercial IL-21 and GST proteins were used as positive and negative controls, respectively.
Interleukin 21 enhances the activation of CD8 + T cells and NK cells
IFN-γ production serves as a marker of effector CD4 + and CD8 + T cells. To determine whether exogenous IL-21 promotes cytokine production in mice, the serum levels of cytokines IFN-γ and IL-4 from the mice treated with IL-21 were measured on different days ( Fig. 2A) . The data revealed that the IFN-γ levels were significantly higher in the IL-21-treated mice on days 14, 21 and 28 (p < 0.01; Fig. 2B ) than in the control-treated mice, but the IL-4 levels showed no significant difference at any of the time points in any group (Fig. 2C) .
To examine the types of immune cells producing IFN-γ, we harvested splenocytes from BALB/c mice and analyzed the kinds of IFN-γ-producing cells by flow cytometry (Fig. 2D) . The data suggested that IL-21 injection significantly promoted the production of IFN-γ-producing CD8 + T cells and NK cells (p < 0.01; Fig. 2D ).
Interleukin 21 directly induces IFN-γ production in CD4 + and CD8 + T cells and IFN-γ production in NK cells
We next aimed to further explore whether exogenous IL-21 can directly stimulate these cells to produce IFN-γ and found that IL-21 significantly promoted IFN-γ secretion in the T cells and NK cells (p < 0.01; Fig. 3A ). Since IFN-γ from NK cells possesses antitumor activity, our next step was to determine whether IL-21 could promote IFN-γ production from NK cells. 21 As shown in Fig. 3B , IL-21 significantly enhanced IFN-γ production in the NK cells. Furthermore, the IL-21 protein, but not PBS or GST, triggered enhanced splenocyte proliferation, as measured by means of [ 3 H]-thymidine incorporation (p < 0.05, Fig. 3C ).
Vaccination with interleukin 21 fusion protein produces potent antitumor effects
CD8 + T cells and NK cells play crucial roles in antitumor immune responses. 22 Therefore, we aimed to determine whether IL-21 administration could establish antitumor immunity. As shown in Fig. 4B , IL-21 treatment could significantly suppress tumor growth as compared to PBS or GST treatment in the tumor-bearing mice (p < 0.05). Furthermore, we found that IL-21 treatment significantly prolonged the life of the tumor-bearing mice (p < 0.05; Fig. 4C ).
To further explore the cellular mechanisms associated with IL-21, CD8 + cell, CD4 + T cell, and/or NK cell, depletions were carried out during the treatment of the mice. The data showed that mice depleted of NK or CD8 + T cells lost the antitumor functions elicited by IL-21 (p < 0.05; Fig. 4D and 4E) . However, the tumor size and survival time of the tumor-bearing mice depleted of CD4 + T cells remained unchanged in the IL-21-treated mice (Fig. 4D  and 4E ). These results revealed that CD8 + T cells and NK cells are essential for the antitumor immune responses induced by IL-21.
Discussion
In our study, the results showed that the cytokine IL-21 has antitumor effects in murine colon cancer models. IL-21 administration enhanced serum IFN-γ levels and Fig. 3 . IL-21 promotes CD8+ T cell and NK cell functions Purified CD4+ T, CD8+ T and NK cells were stimulated with CD3 and CD28 antibodies or IL-2 plus IL-21 or GST for 3 days, and then the supernatants were collected for IFN-γ assays (A); B -quantitative analysis of IFN-lambda mRNA-expression levels in the CD4+ T, CD8+ T, or NK cells; C -splenocytes from BALB/c mice were cultured in 96-well plates and stimulated with PBS, GST, or IL-21 for 72 h. [3H]-thymidine was added and proliferation was measured using a scintillation counter; the fold-increase in proliferation is shown using a stimulation index. Data are representative of 3 experiments. Error bars represent the standard error of the mean; * p < 0.05; ** p < 0.01; *** p < 0.001.
IFN-γ secretion in the CD8 + T, CD4 + T and NK cells.
We also established that IL-21 promotes IFN-γ secretion from NK cells as well as the proliferation of splenocytes. Moreover, we found that the antitumor function of IL-21 relied on CD8 + T cells and NK cells.
Previous studies have shown that IL-21 markedly suppresses tumor growth in some cancers, including colon cancer, 18 breast cancer, 19 melanoma, 20 and renal cancer. 21 In these studies, the mechanism underlying the antitumor effect of IL-21 in different tumor models was found to involve the activation of T cells and NK cell responses. Moreover, it was found that the antitumor function of IL-21 could be potentiated when it was used in combination with other immunostimulants, chemotherapy, or monoclonal antibodies that recognize tumor antigens. [22] [23] [24] However, the mechanism by which IL-21 affects T cells and NK cells and exerts antitumor effects has not been previously researched in colon cancer models.
Our data revealed that recombinant IL-21 could directly promote the secretion of IFN-γ in CD8 + T, CD4 + T and NK cells. Previously, Zeng and colleagues reported that IL-21 exerts limited effects on the secretion of IFN-γ in CD8 + T cells. 24 However, this does not contradict our data, because IL-21 produces highly limited effects on naïve T cells; in our experiment, we added CD3 and CD28 monoclonal antibodies to activate the T cells. Zeng et al. also reported that IL-21 produces extremely weak effects on the proliferation of CD8 + T cells, CD4 + T cells and NK cells. 24 In contrast, our results indicated that IL-21 markedly enhanced the proliferation of splenocytes.
We speculate that IL-21 promotes B-cell proliferation because the spleen contains numerous B cells and because the IL-21 receptor (IL-21R) is expressed on B cells. 14 Thus, our data revealed that the recombinant protein IL-21-His exerted its biological function, but we could not clarify the underlying mechanism. Li et al. previously reported that IL-21R is expressed on the surface of B cells, CD8 + T cells, CD4 + T cells, and NK cells. 14 We speculate that IL-21 could ligate the IL-21R expressed on the surface of CD4 + and CD8 + T cells, and could thereby activate T cells.
Further, IFN-γ plays very important roles in NK cellmediated tumor destruction pathways. 25 We therefore measured the changes in the levels of IFN-γ in T and NK cells after treatment with IL-21. Our results revealed that IL-21 could not only enhance IFN-γ production but could also promote IFN-γ production. The data also showed that IL-21 could enhance antitumor immunity in the mice by increasing IFN-γ production and activating NK cells.
Thus, we revealed an important role for NK cells and CD8 + T cells in IL-21-mediated antitumor immune responses. Moreover, we found that the antitumor function of IL-21 was lost in the mice depleted of NK cells or CD8 + T cells, but not in those depleted of CD4 + T cells. Our data also revealed that IL-21 could enhance the secretion of INF-γ in CD4 + and CD8 + T cells. However, because of the expression of CD4 molecules on Treg cells, it is possible that injection of the CD4 antibody in mice depleted Treg cells.
The blockade of immune checkpoints in tumor immunotherapy, such as programmed cell death protein 1 (PD1), Fig. 4 . Reduced tumor burden and enhanced survival rate in tumor-bearing mice following treatment with IL-21 A -schematic of tumor challenge and IL-21 immunization. BALB/c mice were injected subcutaneously with CT-26 tumor cells. After 7 days, the tumor diameter reached 3-4 mm; the mice were then treated 3 times at 1-week intervals with IL-21, GST, or PBS. Tumor growth (B) and survival rate (C) were recorded. D, E -BALB/c mice were challenged subcutaneously with tumor cells and then injected intraperitoneally with anti-CD4 mAb, anti-CD8 mAb, anti-NK1.1 mAb, or isotype control mAb on day 3. The mice were then injected with different proteins. The depleting mAb or isotype control mAb was injected 3 days before protein injection. After 3 protein injections, the tumor size and survival rate of the tumor-bearing mice were recorded. Data are representative of 3 experiments. Error bars represent standard error of the mean; * p < 0.05; ** p < 0.01; *** p < 0.001.
rely on the enhancement of spontaneous antitumor immunity. However, these immunotherapies are limited by the requirement for existing tumor-specific immune responses. [26] [27] [28] Therefore, breaking immune tolerance to the tumor and enhancing the immune response to tumor antigens should increase tumor immunogenicity. Our results strongly suggested that IL-21, serving as a cytokine, promotes tumor-specific immune responses. The findings of some other studies provide further in vivo evidence for the tumor-suppressive function of IL-21. 6, 12, 13, 29 In summary, our study shows that IL-21 can not only directly enhance the secretion of IFN-γ in CD8 + T cells and CD4 + T cells, but can also promote the secretion of IFN-γ and IFN-λ in NK cells and suppress the growth of CT-26 tumor cells. Thus, IL-21 is a powerful tool for activating CD8 + T cells and NK cells which exhibit potent cytolytic effector functions, and should therefore be considered for tumor immunotherapy in the future.
